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2012 PROGRESS REPORT 
 
INTRODUCTION 
 
Prostate cancer (PCa) cells are initially sensitive to hormonal manipulation, and androgen-deprivation 
therapy (ADT) generally reverses androgen receptor (AR)–dependent growth and proliferation. ADT is 
one of the main treatment modalities in the clinical management of PCa, but ADT is only palliative, and 
PCa eventually progresses to an androgen-insensitive stage, i.e., castrate-resistant PCa (CRPC), after a 
median of 12–20 months. Progression to CRPC is a dynamic process that is incompletely understood as 
yet. Potential mechanisms contributing to the development of CRPC include selective growth of a 
preexisting hormone-insensitive population of cancer cells as a result of suppression by androgen 
ablation of the androgen-dependent cell population; activation of oncogenes; inactivation of tumor 
suppression genes; and interaction between cancer cells and tumor-associated stroma and tumor-
associated macrophages. The object of this research project is to investigate the effect of castration on 
epididymal white adipose tissue (WAT), ventral prostate (VP) tissue, and adipose stromal cells (ASCs) 
from male Glipr1+/+ wild-type (WT) and Glipr1–/– knockout (KO) mice. We are testing our hypothesis 
that the biologic activity of WAT is affected by castration and that although the acute effects of 
castration (e.g., GLIPR1 induction) may suppress cancer-promoting adipokines, long-term ADT results 
in monocyte infiltration and the generation of WAT-associated macrophages (WAMs). WAMs, in turn, 
produce cytokines and promote the growth and survival of growth factor–expressing ASCs, which enter 
the systemic circulation and promote PCa progression. An important note is that the prostate, an 
androgen target organ, is significantly affected by castration and also produces cytokines and cytokine 
receptors that may, in concert with WAT-derived cytokines, contribute to the progression of already 
established local tumors. We also hypothesize that Glipr1/GLIPR1 protein regulates castration-induced 
WAMs and ASCs. Our overarching hypothesis is that castration induces alterations in WAT that 
promote the development of CRPC. During the second funding period, we have completed the studies 
proposed in Specific Aim 2.  
 
Key Personnel 
 
Principal Investigator:  Timothy C. Thompson, Ph.D.; 713-792-9955; timthomp@mdanderson.org 
Co-Investigator: Takahiro Hirayama, M.D.; 713-792-8932; thirayama@mdanderson.org 
Co-Investigator: Guang Yang, M.D., Ph.D.; 713-563-9004; guangyang@mdanderson.org 
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BODY 
 
STATEMENT OF WORK 
 
Aim 1: Identify castration-affected and/or Glipr1-regulated genes in ventral prostate (VP) tissue, 

epididymal white adipose tissue (WAT), and adipocyte stromal cells (ASCs) using in vivo 
models.  

 

1. Generate a sufficient number of Glipr1 wild-type (WT) and Glipr1 knockout (KO) 12-week-old 
male mice (1–6 months). 

2. Perform the surgical castration experiment using the Glipr1 WT and KO male mice, and collect 
VP, WAT, and ASCs on days 3, 14, and 35 after castration (6–9 months). 

3. Isolate RNA and perform microarray analyses to characterize genes affected by castration in VP, 
WAT, and ASCs in Glipr1 WT and KO male mice (9–12 months). 

 
Aim 2: Study the interactions between ASCs isolated from Glipr1 WT (ASCs-WT) and KO (ASCs-

KO) male mice and human prostate cancer cell lines in vitro and in vivo. 
 

1. Isolate, expand, and prepare a stock of frozen ASCs from Glipr1 WT and KO male mice (6–12 
months). 

2. Determine the effect of ASCs on the cell growth rate of human prostate cancer cell lines in vitro 
(12-18 months). 

3. Determine the effect of ASCs conditioned media on the cell growth rate of human prostate 
cancer cell lines in vitro (12-18 months). 

4. Analyze and compare cytokine and growth factor profiles in conditioned media produced by 
ASCs (18-24 months). 

 
RESEARCH 
 
Materials and Methods 
 
Isolation of stromal cells (ASC) from WAT  
We enlarged the mice colony to generate enough males to isolate sufficient WAT pad for the proposed 
experiments since final number of ASC cells obtained were a small fraction of WAT pad harvested. 
WAT pads were collected from 12-week old male Glipr1 WT and KO mice. The tissue was cut with 
scissors and digested with collagenase I for up to 60 min at 37°C. The digested tissue was then filtered 
through a 100-μm filter. Next, the filtrate was centrifuged at 150 g for 5 min. The pellet was treated with 
erythrocyte lysis buffer and centrifuged again at 150 g for 5 min. The resulting cell pellet was 
resuspended in high-glucose DMEM with 10% fetal bovine serum, and the suspension was plated onto 
10-cm culture plates. 
 
Coculture Experiments   
ASC: One mouse prostate cancer cell line, RM-9, and two human prostate cancer cell lines, VCaP and 
PC-3, were used for this coculture study.  Regular DMEM,  high glucose DMEM , and RPMI 1640 was 
used  to grow  RM-9, VCaP and PC-3 cells respectively. Each of the three cell lines were cocultured 
with ASCs from Glipr1 WT and KO mice using 0.4 µm pore size translucent PET membrane inserts 
(BD Falcon, Franklin Lakes, NJ) for this aim. For PC-3 cells and RM-9 cells, 5×103 cells each were 
plated with 1% FBS growth medium in 24 well plates and allowed to establish overnight.   For VCaP 
cells, 1×104 cells were plated with10% FBS growth medium. Next morning, cells from each cell lines 
were cocultured with 1×104 ASCs isolated from Glipr1 WT and KO mice using the PET membrane. 
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Fig. 1. Comparison of cell growth rate under the influence of 
ASCs. VCaP, PC-3 and RM-9 prostate cancer cell were cocultured 
either with Glipr1 WT ASC(WT),  Glipr1 KO ASC (KO),  and 
negative control ( control). After 5x 103 PC-3, 5 x 103 RM-9 and 1 x 
104 VCaP cells were well established overnight, they were cocultured 
with either 1 x 106 Glipr1 WT ASCs ,  1 x 106 Glipr1 KO ASCs, or 
without ASCs.  After 72 hours for VCaP and PC-3, but 48 hours for 
RM-9, the cell growth was measured.  The cell growth rate under 
different coculturing conditions were expressed compared to negative 
control (value=1) for each cell lines. P values indicate statistically 
significant growth differences between Glipr1 WT ASCs and Glipr1 
KO ASCs. 

After 72 hour incubation for PC-3,  and 48 hour incubation for RM-9 and VCaP,  the number of living 
cells was measured using an 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay (Celltiter 96 Aqueous One-solution Cell Proliferation assay)( 
Promega, Madison, WI) according to the manufacturer’s instructions. Absorbance at 490 nm was 
measured using a multiwell plate reader (Bio-Rad). 
 
ASCs-CM 
Both genotypes of ASCs ( Glipr1 WT and KO) conditioned medium (ASCs-CM) were collected after 
24h of incubation at 37˚C with serum free DMEM from a dish initially seeded with  1×106 of the ASCs. 
CM was collected, and centrifuged at 1000g for 30 min at 4˚C, then stored in -80˚C until use. 
 
The same cell culture conditions described above were employed to study the effect of ASCs 
conditioned media on the cell growth rate of the three cell lines without the use of PET membrane 
inserts.  However, all three cell lines were grown in 96-well plate with 0.5% FBS+ the growth medium.  
After the cells were well established overnight, mixture of 50 l of the growth medium and 50l of each 
ASCs-CM (Glipr1 WT and Glipr1KO) were added to the cells. The growth rate of VCaP and RM-9 
were measured after 48 hours of incubation, but 72 hours for PC-3. 
 
Antibody array 
We used a Label-based Mouse Antibody Array (Raybiotech, Inc, Norcross, GA) to detect cytokines or 
growth factors in ASCs- CM from both genotypes according to the manufacturer’s instructions. The 
expression levels of the cytokines and the growth factors were calculated against the internal control 
embedded in the kit. 

 
Statistical analysis 
The statistical significance of the differences 
between the cell growth of Glipr1 WT and KO 
ASCs on different cell lines was determined by 
using two-tailed Student’s t testing. The level of 
significance was set at P < 0.05. 

 Data are expressed as means ± SE. 
 
RESULTS 
 
ASCs, ASCs-CM coculture: 
 

The rate of cell growth increased for VCaP, PC-3 
and RM-9 cells after they were cocultured with 
either Glipr1 WT or KO ASCs compared to the 
cells grown without the ASCs (Fig. 1). We found 
statistically significant growth advantage for the 
cells grown with Glipr1 KO ASCs compared to 
Glipr1 WT ASCs in all three prostate cell lines. 
Similar growth advantages were seen in the cells 
incubated with the mixture of the growth medium + 
ASCs-CMs (either from Glipr1 WT and KO) over 
the cells grown without the ASCs-CM (Fig. 2). 
Again, the cells incubated with Glipr1 KO ASCs-
CM showed increased cell proliferation compare to 
the cells incubated with Glipr1 WT ASCs-CM. 
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Fig. 2.  Comparison of  cell growth rate  grown in the presence of ASCs.-
CM. VCaP, PC-3 and RM-9 prostate cancer cell were incubated with 1:1 
mixture of the growth media and ASCs-CM ( either from Glipr1 WT or  
Glipr1 KO ), or without ASCs-CM.   After 5x 103 PC-3, 5 x 103 RM-9 and 1 x 
104 VCaP cells were well established overnight, they were incubated with the 
mixture for 48 hours for VCaP and RM-9,. The difference in the cell growth 
rate was expressed and compared to the negative control value ( value=1).  
However, the growth rate of PC-3 cells was measured after 72 hour 
incubation.  P values indicate statistically significant growth differences 
between Glipr1 WT ASCs-CM and Glipr1 KO ASCs-CM. 

As was proposed in this grant, these growth promoting factors in CM are secreted from ASC (both 
Glipr1 WT and KO).    
 

Numerous factors promoting angiogenesis, tumor cell motility and metastasis were found ASCs-CMs of 
both Glipr1 WT and Glipr1 KO. But substantially higher levels of these factors were found in Glipr1 
KO ASCs-CM than in Glipr1 WT ASCs-CM as shown in Fig.3. For example, although the relative 
signals of VE-cadherin is low, the level of VE-cadherin in Glipr1 KO ASCs-CM was 78 times higher 
than in Glipr1 WT ASCs-CM. VE-cadherin is an endothelial cell adhesion molecule and marker of 
tumor angiogenesis induction(1). Similarly, although CD11b level is relatively low compared to other 
factors, its expression level in Glipr1 KO ASCs-CM is 7.7 times higher than Glipr1 WT ASCs-CM. 
CD11b+ cells in bone marrow has been 
reported to be enriched for osteoclast 
precursors which cause bone resorption in 
prostate cancer metastasis(2). Further, 
CD11b+ cells has been shown to stimulate 
tumor endothelial cell cord formation by 10-
fold in an in vitro angiogenesis assay (3). 
Chemokine receptor CCR9 in Glipr1 KO 
ASCs-CM expression level was 5.4 times 
higher than Glipr1 WT ASCs-CM. CCR9 
with its natural ligand CCL25 has been shown 
to be highly expressed by prostate cancer 
cells (4).  It has been shown to affect cancer 
cell migration, invasion, and MMP expression 
which together are involved in cancer cell 
metastasis (5, 7).  Further, it is known to 
upregulate antiapoptotic proteins such as 
P13K, AKT, ERK1/2 and GSK-3
 
Relatively high level of prolactin in the 
ASCs-CM is tantalizing, and may in part, 
explain increased cell growth observed in the 
prostate cancer cells incubated with ASCs-CM 
(from Glipr1 WT and KO) in Fig.2.  Production 
of prolactin level has been shown to be 
increased in high grade prostate cancers (8), 
and has been shown to have tumorigenic roles 
through providing mitogenic and prosurvival 
effects. 
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Fig. 3. Comparison of cytokine and growth factor levels in Glipr1 KO and WT ASCs-CM by antibody array.  The expression level was  
normalized by the internal control embedded in the array kit.
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KEY RESEARCH ACCOMPLISHMENTS 
 

1. ASCs isolated from WAT of adult Glipr1 WT and KO males provided advantageous condition to 
prostate cancer cell ( VCaP, RM-9, PC-3) growth when cocultured.  

2. Coculturing the prostate cancer cells with ASCs from Glipr1 KO resulted in significantly higher 
cell proliferation than Glipr1 WT.  

3. Incubating prostate cancer cells with CM from ASCs of Glipr1 WT and KO resulted in increased 
cell proliferation compared to the negative control.   

4. Incubation with Glipr1 KO ASCs-CM resulted in higher prostate cancer cell growth rate than 
incubation with Glipr1 WT ASCs-CM. 

5. Antibody array study detected numerous factors that promote cancer cell growth and invasion in 
ASCs-CMs. Glipr1 KO ASCs-CM contained much higher concentration of these factors that 
induce cancer cell growth and invasion than Glior1 WT ASCs-CM.   
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REPORTABLE OUTCOMES 
 

1. Floryk D, Kurosaka S, Tanimoto R, Yang G, Goltsov A, Park S, Thompson TC. Castration-
induced changes in mouse epididymal white adipose tissue. Mol Cell Endocrinology 2011, Oct 
15: 345(1-2): 58-67. 
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CONCLUSIONS 
 
Coculturing prostate cancer cells with ASCs from WAT of Glipr1 KO and Glipr1 WT resulted in 
increased cancer cell growth compared to the cancer cells grown without the ASCs.  Moreover, the 
prostate cancer cells grown with Glipr1 KO ASCs resulted in higher cell growth compared to the cells 
grown with Glipr1 WT ASCs.  Similar results were found after the prostate cancer cells were incubated 
with ASCs-CM from both Glipr1 KO and WT. The cells incubated with Glipr1 KO ASCs-CM resulted 
in higher cell growth compared to the cells grown with Glipr1 WT ASCs-CM. These results indicated 
presence of factors that promote cell growth in the ASCs-CMs. When the ASCs-CM from Glipr1 WT 
and KO were analyzed and compared by antibody array, we detected numerous factors that promote 
tumor cell growth and invasion. As expected, the levels of these factors that promote cancer cell growth 
and invasion were much higher in Glipr1 KO ASCs-CM than in Glipr1 WT ASCs-CM.   
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We analyzed the effects of castration on epididymal white adipose tissue (WAT) in C57BL/6J mice which
were fed a regular or high-fat diet. Fourteen days following surgical castration profound effects on WAT
tissue such as reductions in WAT wet weight and WAT/body weight ratio, induction of lipolysis and mor-
phologic changes characterized by smaller adipocytes, and increased stromal cell compartment were
documented in both dietary groups. Castrated animals had decreased serum leptin levels independent
of diet but diet-dependent decreases in serum adiponectin and resistin. The castrated high-fat group
had dramatically lower serum triglyceride levels. Immunohistochemical analysis revealed higher staining
for smooth muscle actin, macrophage marker Mac-3, and Cxcl5 in the castrated than in the control mice
in both dietary groups. We also detected increased fatty-acid synthase expression in the stromal com-
partment of WAT in the regular-diet group. Castration also reduces the expression of androgen receptor
in WAT in the regular-diet group. We conclude that castration reduces tissue mass and affects biologic
function of WAT in mice.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

White adipose tissue (WAT) is a loose connective tissue that is
crucial in the regulation of whole-body fatty-acid homeostasis.
WAT is composed of adipocytes and other cells found in the stro-
mal-vascular fraction, including macrophages, fibroblasts, pericytes,
blood cells, endothelial cells, poorly differentiated mesenchymal
cells, and preadipocytes (Fruhbeck, 2008). This dynamic, multifunc-
tional endocrine tissue can secrete a large number of biologically ac-
tive molecules, collectively called adipokines, which include
hormones, growth factors, enzymes, cytokines, complement factors,
and matrix proteins. For most of these molecules, WAT also ex-
presses receptors that mediate extensive cross-talk both locally
and systemically in response to specific external stimuli or meta-
bolic changes (Fruhbeck, 2008; Galic et al., 2010). There is also an
increasing body of evidence that a specific fat depot, the epididymal
fat pad, produces a locally acting factor responsible for maintaining
spermatogenesis in rodents (Chu et al., 2010; Hansel, 2010).

Storage of excessive fatty acids in an expanded adipose tissue
mass characterizes obesity, which has reached epidemic propor-
tions in the United States, where 35.1% of adults are now classified
as obese (Catenacci et al., 2009). This epidemic is especially prob-
d Ltd. All rights reserved.

enitourinary Medical Oncol-
MD Anderson Cancer Center,

USA. Tel.: +1 713 792 9955;

Thompson).
lematic because obesity is closely associated with the development
of insulin resistance in peripheral tissues, such as skeletal muscle,
and in the liver; moreover, it is an independent risk factor for the
development of type 2 diabetes mellitus as well as myocardial
infarction, stroke, and certain cancers (Galic et al., 2010). In fact,
a high body mass index (BMI) is associated with increased risk of
several common and less-common malignances in a sex- and
site-specific manner. An association has also been reported be-
tween obesity and metabolic syndrome and not only with in-
creased risk for the development of cancer but also for the
progression of certain types of cancer (Fair and Montgomery,
2009; Roberts et al., 2010).

Additionally, adipose tissue is a major site for inflammation be-
cause the visceral adipose tissue depot contains more macrophages
and releases more inflammatory cytokines, such as monocyte
chemotactin protein 1 (MCP1)/CCL2, plasminogen activator inhib-
itor 1, and interleukin (IL) 6, IL-8, and IL-10, than subcutaneous
adipose tissue does. In turn, inflammation in adipose tissue further
increases the risk of obesity-related diseases and may be associ-
ated with the progression of cancer and its consequent mortality
(Tran and Kahn, 2010).

The metabolism of adipose tissue is known to be affected by go-
nadal steroids such as testosterone. For example, testosterone defi-
ciency, which can be caused by hypogonadism, aging, central
obesity, or androgen-deprivation therapy in patients with prostate
cancer, is associated with insulin resistance, type-2 diabetes, the
metabolic syndrome, and cardiovascular disease in general (Bain,
2010).
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In mouse models, it has been demonstrated that cells from WAT
are recruited by experimentally induced tumors and promote can-
cer progression (Zhang et al., 2009). Also, although surgical castra-
tion of mice results in increased glucose uptake into adipose tissue
(Tran and Kahn, 2010), the effect of testosterone deficiency on adi-
pose tissue has not been studied extensively.

Therefore, we undertook this study to identify the sustained ef-
fects of castration on WAT in adult male mice. We used C57BL/6J
mice, which are commonly used for studies involving a high-fat
diet (HFD) (Collins et al., 2004). We used a regular-diet and HFD
approaches to assess differences in the responses to castration as
the result of WAT deposition adjacent to the epididymis.

Our study results describe the changes in tissue mass, morpho-
logic characteristics, induction of lipolysis, expression of genes
coding for cytokines, and serum concentrations of adipokines that
occurred in the epididymal WAT of adult mice fed a regular diet or
a HFD after surgical castration.
2. Materials and methods

2.1. Animals and treatments

C57BL/6J mice, 5 and 10 weeks old, were purchased from MD
Anderson Cancer Center’s Department of Experimental Radiation
Oncology. Mice were housed under specific pathogen-free condi-
tions in facilities accredited by the American Association for
Accreditation of Laboratory Animal Care, and all experiments were
conducted in accordance with the principles and procedures out-
lined in the NIH’s Guide for the Care and Use of Laboratory Animals.

For 7 weeks before and during the 2-week course of the exper-
iments, the 5-week-old mice (n = 45) were fed a HFD (D12492; Re-
search Diets, Inc., New Brunswick, NJ) containing 60 kcal% fat,
20 kcal% carbohydrate, and 20 kcal% protein, whereas the 10-
week-old mice (n = 30) were fed a regular diet (Purina Conven-
tional Rodent Chow 5001, St. Louis, MO) for 2 weeks. When all
the mice were 12 weeks old, those in each dietary group were ran-
domly allocated to three subgroups (n = 10–15 mice each), one of
which underwent sham surgery, and the other two, surgical castra-
tion. We analyzed two independent groups (n = 30 per group) of
mice fed with a regular diet and combined data for further analysis.

For the surgeries, mice were anesthetized with 2–4% isoflurane.
After the surgical site was shaved, an incision was made in the
scrotum. In the sham-surgery group, the incision was then simply
closed with sutures. For castration of the other two groups, the
incision was made in the tunica of the first testicle, and the testis
was pulled out and removed. The procedure was repeated on the
contralateral side. The scrotal incisions were then closed with su-
tures. The sham-operated animals and half of the castrated ones
then received a subcutaneously implanted empty pellet on their
back, creating control and castrated + empty pellet (EP) groups,
respectively. The second half of the castrated animals received im-
planted testosterone pellets, creating a castrated + testosterone
pellet (TP) group. Both testosterone (25 mg testosterone, 21-days
release time) and placebo pellets were purchased from Innovative
Research of America (Sarasota, FL).
2.2. Blood and tissue sampling and processing

All mice from both dietary groups were euthanized by using the
CO2 inhalation method 2 weeks after having undergone the surgi-
cal and pellet-implantation procedures. Their body weight and
length were recorded. Blood samples were collected from the pos-
terior vena cava, allowed to clot overnight at 4 �C, and then centri-
fuged for 20 min at 2000g. The resulting serum was stored frozen
at �80 �C.
Further, the epididymal WAT pads were collected from each
mouse, as were the anterior, ventral, and dorsolateral lobes of
the prostate, an androgen-dependent organ used as a control,
and the wet weights of all those tissues were measured. WAT tis-
sue was processed as follows: one half of WAT was snap-frozen in
liquid nitrogen and stored at �80 �C for further analysis of protein
expression and RNA extraction. The second half of WAT was fixed
in paraformaldehyde, embedded in paraffin, and cut into 5-lm sec-
tions for subsequent histologic and immunohistochemical (IHC)
analyses.
2.3. Histological analysis of WAT

The effects of castration on the size of adipocytes were quanti-
tatively evaluated using images, acquired at 20� magnification, of
hemotoxylin and eosin (H&E)–stained WAT sections. The analysis
was performed with a Nikon Eclipse 90i image analysis system
and the NIS-Elements AR software 3.0 (both from Nikon Instru-
ments, Inc., Melville, NY). One hundred randomly selected adipo-
cytes from each section were outlined using the manual function
of the system, and the areas of individual adipocyte profiles were
recorded. To analyze the size distribution of adipocytes, the histo-
gram function in Excel (Microsoft Corporation, Redmont, WA) was
used and graphs were created.
2.4. Western blotting

A portion of each WAT specimen was homogenized in ice-cold
radioimmunoprecipitation assay buffer by using a battery-
powered handheld homogenizer (Sigma–Aldrich, St. Louis, MO).
The resulting suspension was then spun in a bench centrifuge at
16,000g for 10 min. The supernatant was collected and cleared
by passage through a Vivaclear Mini clarifying filter (Sartorius Ste-
dim Biotech, Aubagne, France). Protein concentration was mea-
sured by using a protein assay kit from Bio-Rad Laboratories
(Hercules, CA). Conventional Western blotting was performed
using the following primary antibodies to visualize proteins: hor-
mone-sensitive lipase (Hsl), phospho-hormone-sensitive lipase
(pHslSer660), adipose triglyceride lipase (Atgl), and fatty acid syn-
thase (Fasn) all from Cell Signaling Technology, Beverly, MA).
Gapdh (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used
as a loading control. Images were quantified with UN-SCAN-IT
gel software Version 6.1 (Silk Scientific, Inc., Orem, UT).
2.5. Enzyme-linked immunosorbent assay (ELISA)

Serum testosterone concentrations were measured by using an
ELISA kit (Calbiotech, Spring Valley, CA) according to the manufac-
turer’s instructions. Serum leptin, adiponectin, and resistin concen-
trations were measured by using an ELISA kit for a respective
cytokine (R&D Systems, Inc., Minneapolis, MN) according to the
manufacturer’s instructions.
2.6. Measurement of serum glucose and triglyceride (TG) levels

Serum glucose levels were measured using a glucose (GO) assay
kit (Sigma–Aldrich). The manufacturer’s procedure was modified
to minimize the use of serum: 1 ll of serum was mixed with
99 ll of distilled water, and 200 ll of assay reagent was added.
The reaction mix in a 1.7-ml test tube was incubated for 30 min
at 37 �C. The reaction was stopped with 200 ll of 6 M sulfuric acid,
and then 100 ll of the reaction mix was transferred to a 96-well
plate. Absorbance at 540 nm was read by using a conventional
plate reader.
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Serum TG levels were measured by using a triglyceride assay kit
(Cayman Chemical Company, Ann Arbor, MI) according to the man-
ufacturer’s protocol.
2.7. Gene-expression analysis

Total RNA was isolated from frozen WAT specimens by using a
standard extraction protocol with Trizol reagent (Invitrogen Cor-
poration, Carlsbad, CA). An iScript™ cDNA Synthesis Kit from Bio-
Rad was used to generate cDNA for further analysis by quantitative
real-time polymerase chain reaction (qRT-PCR) testing with SYBR
Green stain. We initially used a Mouse Chemokines & Receptors
RT2 Profiler PCR Array (SA Biosciences, Frederick, MD) to detect
genes that were affected by castration in epididymal WAT. Genes
that were up-regulated after castration were further analyzed by
using primers from PrimerBank (Spandidos et al., 2010).
2.8. IHC analysis

IHC with primary antibodies to the stromal marker smooth
muscle a-actin (Acta2; 1:1000 dilution, Sigma, cat# A5228), Cxcl5
(1:50, R&D Systems, cat# MAB433), the macrophage marker Mac-3
(1:50, BD Biosciences, Pharmingen, San Diego, CA, cat# 550292),
Fasn (1:50;Cell Signaling Technology, cat# 3180), and androgen
receptor Ar (1:50, Santa Cruz Biotechnology, cat# sc-816) was per-
formed on paraffin-embedded sections of WAT pads using the Vec-
tastain� ABC kit or ImmPRESS™ reagents (Vector Laboratories, Inc.,
Burlingame, CA) according to the manufacturer’s instructions.
Specificity of the IHC staining was verified by incubating WAT sec-
tions with nonspecific rabbit or mouse immunoglobulin G in place
of the primary antibody.

Acta2 and Fasn immunostaining was evaluated quantitatively
using the Nikon Eclipse 90i with the NIS-Elements AR software. Fif-
teen to 20 images from each immunostained section of the WAT
pad were randomly acquired at 10� magnification. The area of
stroma that stained positively for Acta2 was detected by using a
pixel classifier that recognizes brown DAB staining; the results
were recorded as the percentage of the Acta2-positive stroma
among a total tissue area.

To quantify the Cxcl5 and Mac-3 IHC staining results, we used
the manual function to count the stromal cells that stained posi-
tively on 20 images acquired randomly at 20� magnification and
recorded the total number of positively labeled cells for each
antibody.
2.9. Statistical analysis

Statistical analysis was performed in Microsoft Office Excel
using two-tailed Student’s t testing. The level of significance was
set at p < 0.05. Values are expressed as mean ± SE.
3. Results

3.1. Castration induces changes in epididymal WAT

3.1.1. Regular-diet group
Analysis of epididymal WAT (20 mice in each group) wet

weights revealed that in the castration + EP (castration) group of
mice, the weight was lower than that in the sham-surgery control
group (control) by 43% (p < 0.001), and in the castration + TP group,
lower by 16% (p = 0.01) (Fig. 1A). The WAT wet weight/body weight
ratios (Fig. 1B) were also lower, by 40% in the castration group and
22% in the castration + TP group, than in the control group
(p < 0.001 for both comparisons). Together, these results indicate
that testosterone supplementation after surgical castration par-
tially offsets the effect of castration.

As expected, castration resulted in significantly reduced wet
weights of all prostatic lobes (Fig. 1S, Supplementary data).To de-
tect changes in the size of adipocytes, we evaluated the H&E-
stained WAT sections from five mice in each group. The adipocytes
in the castration group appeared smaller than those in the control
and castration + TP groups did (Fig. 1C). Indeed, quantitative image
analysis (Fig. 1D) revealed that the average area of the adipocytes
was less in the castration group (1020 ± 116 lm2; p = 0.027) than it
was in the control (1522 ± 145 lm2) and the castration + TP
(1262 ± 67 lm2) groups.

We also detected a change in the stroma that was characterized
by more fibroblast-like stromal cells and macrophages in the WAT
from the castrated group than there were in that from the control
and castration + TP groups. Some small adipocytes were sur-
rounded by stromal cells.

3.1.2. High-fat diet group
The HFD group had higher body weights, epididymal WAT wet

weight/body weight ratios, and BMIs than the regular-diet group
had (Fig. 2S, Supplementary data). The wet weights of the anterior,
ventral, and dorsolateral prostate lobes, used as controls, are
shown in Fig. 1S, Supplementary data.

Analysis of epididymal WAT (15 animals in each group) wet
weight revealed that the castration group had reduced WAT wet
weight by 53% (p < 0.001), and castration + TP group by18%
(p = 0.3) compared to the control group (Fig. 2A). The castration
group had reduced WAT wet weight/body weight ratio by 47%
(p < 0.001), and the castration + TP group by 16% (p = 0.28) com-
pared to the control group (Fig. 2B).

The analysis of H&E-stained WAT sections revealed that the size
of adipocytes was reduced in the castration group compared to the
control group (Fig. 2C). Reduced size of adipocytes in the castrated
group was confirmed by the quantitative image analysis (Fig. 2D).
The average area of the adipocytes was 2555 ± 257 lm2 after cas-
tration compared to 4166 ± 228 lm2 in the control group. The
presence of testosterone (i.e., castration + TP group) (p = 0.003)
prevented the reduction of the size of adipocytes only partially
as the adipocyte average area was 3388 ± 268 lm2.

Thus, castration induces statistically significant WAT weight
and the WAT wet weight/body weight ratio reduction indepen-
dently of diet, but testosterone treatment partially offsets the ef-
fect of castration on WAT wet weight. Castration also induces
morphologic changes in adipocytes: cells become smaller and have
a larger stromal compartment. In general, castration led to reduced
adipocyte size, and this effect was reversed in part by testosterone
in the regular-fat diet group but not in the HFD group.

3.2. Castration-induced lipolysis

We hypothesized that castration induces lipolysis in WAT on
the basis of our observations of reduced WAT wet weight and re-
duced size of adipocytes. To validate this hypothesis, we performed
Western blotting to analyze protein levels of Hsl, pHslSer660, and
Atgl in WAT from both dietary groups after experimental treat-
ments. Western blotting (Fig. 3) revealed reduced pHslSer660 levels
by 46% (n = 10, p = 0.004) in WAT from the regular-diet group after
castration. Atgl protein levels were reduced as well, but the reduc-
tion was not statistically significant. The protein level of Hsl was
increased by 22% in the presence of testosterone; the pHslSer660

levels and Atgl levels were similar to those detected in the castra-
tion group but without statistical significance.

In contrast, we detected an increase of almost 2.5 times the
pHslSer660 levels (n = 5, p = 0.003) and 40% increased Atgl protein
levels (n = 5, p = 0.006) in WAT from the HFD group after



Fig. 1. The regular-diet group: (A) WAT wet weight, (B) WAT wet weight/body weight ratio, (C) hematoxylin and eosin staining of WAT, and (D) the adipocyte size
distribution. (A) C57BL/6J mice fed regular diet were sham-operated, castrated, and castrated and treated with testosterone pellets as described in Section 2. At the end of the
experiment, mice were euthanized and their WAT wet weights and body weights were recorded. Columns, WAT wet weight; bars, SE; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. (B) The WAT
wet weight/body weight ratio was calculated. Columns, WAT wet weight/body weight ratio; bars, SE; ⁄⁄⁄p < 0.001. (C) Hematoxylin and eosin staining of WAT from sham-
operated, castrated, and castrated + TP mice was performed as described in Section 2. Original magnification, 20�. (D) Line-graphs represent the adipocyte size distribution
which was acquired by the image analyses. For each experimental group, 500 adipocytes were randomly selected from five specimens, and the areas of individual adipocytes
were measured. Histogram function was used; bins were selected as 400 lm2 increments.

Fig. 2. The high-fat diet group: (A) WAT wet weight, (B) WAT wet weight/body weight ratio, (C) hematoxylin and eosin staining of WAT, and (D) the adipocyte size
distribution. (A) C57BL/6J mice fed with high-fat diet were sham-operated, castrated, and castrated and treated with testosterone pellets as described in Section 2. At the end
of the experiment, mice were euthanized and their WAT wet weights and body weights were recorded. Columns, WAT wet weight; bars, SE; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. (B) The
WAT wet weight/body weight ratio was calculated. Columns, WAT wet weight/body weight ratio; bars, SE; ⁄⁄⁄p < 0.001. (C) Hematoxylin and eosin staining of WAT from
sham-operated, castrated, and castrated + TP mice was performed as described in Section 2. Original magnification, 10�. (D) Line-graphs represent the adipocyte size
distribution which was acquired by the image analyses. For each experimental group 500 adipocytes were randomly selected from five specimens and the areas of individual
adipocytes were measured. Histogram function was used; bins were selected as 1000 lm2 increments.
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castration, suggesting that lipolysis is ongoing 14 days after castra-
tion. Differences detected in pHslSer660 and Atgl levels were offset
by the presence of testosterone (Fig. 3).
Thus, it appears that castration-induced lipolysis in WAT of
HFD-fed animals is more robust and/or sustained 14 days after cas-
tration than in animals fed a regular diet.



Fig. 3. Western blot analysis of hormone-sensitive lipase (Hsl), phosphorylated hormone sensitive lipase on serine 660 (pHslSer660), adipose tissue triglyceride lipase (Atgl)
protein levels in WAT from mice fed with regular diet and high-fat diet. Western blotting was performed as described in Section 2. Gapdh was used as a loading control.
Images were quantified using UN-SCAN-IT gel 6.1 software to calculate protein/Gapdh ratio. Columns, protein/Gaphd ratio; bars, SE; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001.
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3.3. Serum adipokine levels

We further analyzed serum leptin, adiponectin, and resistin lev-
els from mice from both dietary groups using commercial ELISA
kits (Table 1). We detected reduced leptin levels in serum from
the regular-diet group after castration by 72% (n = 8, p < 0.001)
compared to the control group (n = 8). Castrated animals treated
with TP also had reduced serum leptin levels by 46% (n = 8,
p = 0.007) compared to the control group.

We detected increased adiponectin levels in serum from cas-
trated mice by 13% (n = 8, p = 0.0039) compared to the control
group. Castrated mice with TP had reduced serum adiponectin lev-
els by 25% (n = 8, p = 0.0004) compared to the control group. Sim-
ilarly, castration resulted in increased serum resistin levels by
about 28% (n = 8, p < 0.0001) compared to the control group. Cas-
trated mice with TP had serum resistin levels comparable with
the control group.

The HFD group had reduced serum leptin levels after castration
by 61% (n = 8, p < 0.001) compared to the control group (n = 8). Cas-
trated animals treated with TP (n = 8) had serum leptin levels sim-
ilar to the control group.

We did not detect castration-induced changes in serum adipo-
nectin and resistin levels in castrated male mice compared to the
controls.
Table 1
Serum levels of adipokines, triglycerides (TG), and glucose.

RD

Sh Cx Cx +

Leptin (pg/ml) 2.5 ± 0.3 1.1 ± 0.2** 1.7
Resistin (pg/ml) 22.4 ± 0.5 31.2 ± 1.1*** 19.5
Adiponectin (lg/ml) 13.9 ± 0.1 15.6 ± 0.1** 10.4
TG (mg/ml) 12.6 ± 0.8 10.4 ± 0.3* 11.2
Glucose (mg/ml) 2.3 ± 0.1 2.4 ± 0.1 2.4

Values are expressed as mean ± SE.
* p < 0.05.
** p < 0.01.
*** p < 0.001.
Thus, mice fed a regular diet had reduced serum leptin and in-
creased serum adiponectin and resistin levels after castration. The
effect of testosterone was only partial as the serum leptin and
adiponectin levels were lower compared to the control group. Cas-
tration had no effect on serum adiponectin and resistin levels in
the HFD group.

3.4. Serum TG and glucose levels

We measured TG levels in serum collected from the control,
castrated, and castrated + TP mice fed with a regular diet and
HFD (Table 1). As expected, controls in the HFD group had higher
serum TG levels than the controls in the regular-diet group had
(p = 0.03). Castration of the regular-diet group resulted in a small
but significant reduction in serum TG levels (p = 0.018) that was
marginally offset by testosterone. However, castrated animals in
the HFD group had three times lower serum TG levels than the
control group had (p = 0.002). Castrated animals treated with tes-
tosterone had about two times lower serum TG levels than the con-
trol group had (p = 0.013), suggesting that testosterone did not
offset the effect of castration.

We also measured serum glucose levels (Table 1). There were
no differences in serum glucose levels in the regular-diet group.
Control mice in the HFD group had significantly higher serum glu-
HFD

TP Sh Cx Cx + TP

± 0.3 24.3 ± 1.5 9.4 ± 0.9*** 21.8 ± 2.0
± 1.0 30.6 ± 1.8 30.2 ± 2.2 28.7 ± 1.0
± 0.2*** 13.6 ± 0.5 14.0 ± 0.3 12.9 ± 0.9
± 0.8 18.1 ± 2.5 6.3 ± 0.1** 9.3 ± 1.0*

± 0.1 3.0 ± 0.1 3.6 ± 0.2* 3.4 ± 0.1*
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cose levels than the control mice from the regular-diet group had
(p = 0.004). Castrated mice in the HFD group had increased serum
glucose levels by 22% compared to the controls (p = 0.027). In-
creased serum glucose levels by about 14% were also detected in
the castration + TP group compared to the controls (p = 0.017).

Thus, our data demonstrate that castration has a small but sig-
nificant reduction of serum TG levels in the regular diet group and
a dramatic reduction of serum TG in the HFD group. This effect was
not offset by testosterone replacement in the HFD group. Serum
glucose levels were affected only in the HFD group. Testosterone
did not offset the castration effect.
3.5. Castration induces cytokines in epididymal WAT

It has been reported that in humans, visceral WAT generates and
releases inflammatory cytokines, including CCL2, PAI-1, IL-6, IL-8,
and IL-10, under specific conditions (Sengenes et al., 2007). We
asked whether castration induces changes in the expression of genes
coding for cytokines in epididymal WAT. qRT-PCR revealed that
numerous cytokine genes are induced in WAT after castration. The
most up-regulated genes were Cxcl5, Cxcl2, and Il4 in WAT from
the regular-diet group after castration (Table 2). Genes coding for
Cxcl5, Il1a, and Mmp2 were the most up-regulated in WAT from
the HFD group after castration (Table 3). We also detected reduced
leptin mRNA after castration (Tables 2 and 3). In both dietary groups,
mRNA levels of genes coding for cytokines were lower compared to
controls after testosterone treatment (Tables 2 and 3). We also com-
pared mRNA levels of cytokines in control mice from the regular-diet
and HFD groups. We detected increased expression of genes coding
for Cxcl1 (59.3 ± 31.7), Ccl7 (22.5 ± 4.3), Ccl2 (15.5 ± 5.3), Cxcl2
(12.3 ± 3.1), Tnf (11.8 ± 2.6), and Ccl3 (10.0 ± 0.7) in the HFD group
numbers in brackets are fold ± SE.

Therefore, these experiments revealed that castration leads to
changes in the expression of specific cytokine genes in epididymal
WAT. Cxcl5 was the most-induced cytokine in both dietary groups.
Further, there is a set of cytokines which are produced at increased
levels by WAT in the control HFD group compared to the control
regular-diet group.
3.6. IHC staining of WAT

The H&E results suggested that castration induced morphologic
changes in WAT associated with increased stromal compartment
and macrophage infiltration (Figs. 1 and 2C). We performed IHC
of paraffin-embedded WAT sections from the regular-diet
Table 2
Changes in the cytokine expression in epididymal WAT 14 days after castration, regular d

Gene Gene ID Official name

Cxcl5 20311 Chemokine (c-x-c motif) ligand 5
Cxcl2 20310 Chemokine (c-x-c motif) ligand 2
Il4 16189 Interleukin 4
Ccl3 20302 Chemokine (c-c motif) ligand 3
Xcl1 16963 Chemokine (c motif) ligand 1
Il10 16153 Interleukin 10
Ccl2 20296 Chemokine (c-c motif) ligand 2
Tnf 21926 Tumor necrosis factor alpha
Il1a 16175 Interleukin 1 alpha
Ccl4 20303 Chemokine (c-c motif) ligand 4
Cxcl1 14825 Chemokine (c-x-c motif) ligand 1
Il6 16193 Interleukin 6
Ccl7 20306 Chemokine (c-c motif) ligand 7
Mmp2 17390 Matrix metallopeptidase 2
Tnfrsf1a 21937 Tumor necrosis factor receptor superfamily,
Lep 16846 Leptin
(Fig. 4A) and HFD (Fig. 4B) groups. We used Acta2 as a stromal
marker and Mac-3 as a macrophage marker. We also labeled sec-
tions with Cxcl5 and Fasn antibodies.

Fig. 4A shows stained sections and results of the quantitative
analysis of WAT from mice on regular diet. Castration resulted in
a significant increase of Acta2, Mac-3, and Cxcl5 protein expres-
sion. Testosterone offset castration-induced increase of Mac-3
and Cxcl5 proteins. Cxcl5 staining pattern suggests that Cxcl5 is
most likely expressed by WAT macrophages.

We further hypothesized that increased presence of stromal
cells in WAT is a result of the tissue regenerative process character-
ized by the presence of differentiating pre-adipocytes with the in-
creased Fasn expression. IHC for Fasn confirmed that there is a
subset of cells in WAT with increased Fasn staining. Increased Fasn
staining was mostly localized to the stromal compartment of WAT
after castration (Fig. 4A).

Fig. 4B shows stained sections and results of the quantitative
analysis of WAT from the HFD group. Increased Acta2, Mac-3,
and Cxcl5 proteins were detected, although the increases did not
reach the level of statistical significance. Testosterone offset the
castration-induced increase of Mac-3 and Cxcl5 proteins. We did
not detect subset of WAT with increased Fasn staining in the
HFD group (data not shown).

IHC staining for Fasn was confirmed by Western blotting
(Fig. 3S, Supplementary data). We detected increased Fasn protein
levels in WAT after castration in the regular-diet group compared
to the control group (Fasn/Gapdh ratio was 1.15 vs 0.98, n = 4,
p = 0.008). A slight increase of Fasn protein levels (Fasn/Gapdh ra-
tio was 1.05 vs 0.98, n = 4) was not statistically significant in the
castration + TP regular-diet group. We did not detect changes in
Fasn protein levels in the HFD group.

Thus, IHC staining confirmed that castration-induced WAT mor-
phologic changes are accompanied by changes in protein expression.
We detected increased expression of Acta2, Mac-3, Cxcl5, and Fasn.
3.7. Effect of castration on the expression of androgen receptor Ar in
WAT

Initially, we used ELISA to measure serum testosterone levels in
samples (n = 8 per treatment group) from both diet groups. The
analysis confirmed that castrated animals in both diet groups
had background levels of serum testosterone; 0.04 ± 0.02 ng/ml
or 0.05 ± 0.03 ng/ml in the regular-diet and the HFD group, respec-
tively. We detected lower levels of serum testosterone in the
control HFD group (0.26 ± 0.13 ng/ml; p = 0.16) than in the
iet.

Cx Cx + TP

Fold SE Fold SE

56.2 31.5 4.0 2.6
22.3 15.3 6.0 1.7
15.9 7.6 4.1 2.4
14.1 3.3 3.4 1.2

9.7 5.2 1.7 0.0
7.8 2.8 �1.2 1.3
7.3 4.3 2.3 1.0
6.8 2.6 1.8 0.2
6.5 2.5 2.2 0.6
6.3 1.4 �1.0 1.0
6.0 2.1 1.4 0.3
5.5 1.6 1.8 0.4
5.2 3.1 0.7 1.4
4.3 0.5 2.1 0.5

member 1a 3.1 0.5 1.6 0.4
�3.2 0.5 �0.1 1.2



Table 3
Changes in the cytokine expression in epididymal WAT 14 days after castration, high-fat diet.

Cx Cx + TP

Gene Gene ID Official name Fold SE Fold SE

Cxcl5 20311 Chemokine (c-x-c motif) ligand 5 59.8 17.7 7.7 4.4
Il1a 16175 Interleukin 1 alpha 6.1 2.3 0.4 1.0
Mmp2 17390 Matrix metallopeptidase 2 6 0.8 1.0 1.3
Il12 16159 Interleukin 12 5.7 1.1 0.8 1.0
Il4 16189 Interleukin 4 5.4 1.6 �0.3 0.8
Ccl3 20302 Chemokine (c-c motif) ligand 3 4.8 1.6 3.7 1.1
Il10 16153 Interleukin 10 4.5 0.8 0.6 0.7
Tnf 21926 Tumor necrosis factor alpha 3.3 0.6 �0.1 0.8
Ccl4 20303 Chemokine (c-c motif) ligand 4 2.4 0.3 1.5 0.5
Lep 16846 Leptin �4.4 1.7 �0.4 1.5

Fig. 4. Immunohistochemical (IHC) staining of paraffin-embedded WAT from mice fed a regular diet (A) or a high-fat diet (B). (A, B) Antibodies against smooth muscle actin
(Acta2), Mac-3, Cxcl5, and Fasn were used as described in Section 2. Images were depicted at 20�magnification. Column graphs represent results from the semiquantitative
analysis of the IHC images. Sh, sham-operated; Cx, castration; Cx + TP, castration + testosterone pellet. Bars, SE; ⁄p < 0.05; ⁄⁄p < 0.01.
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regular-diet group (1.65 ± 0.57 ng/ml). Implantation of testoster-
one pellets resulted in serum testosterone levels of
23.63 ± 0.81 ng/ml or 17.59 ± 0.70 ng/ml in the regular-diet and
the HFD castration + TP group, respectively.

To assess the effect of castration on the expression of Ar, we
performed qRT-PCR and IHC staining of WAT sections from both
diet groups. In the regular-diet group, castration resulted in re-
duced Ar mRNA by 4.1 ± 0.9-fold. A similar decrease was detected
in the castration + TP group (4.7 ± 1.4-fold). IHC staining (Fig. 5) re-
vealed that nuclear Ar was undetectable in WAT from the castrated
regular-diet group. Fewer cells stained for nuclear Ar in WAT from
the castration + TP group compared to the control group.

In WAT from the HFD group, the Ar mRNA and protein levels are
very low to undetectable (data now shown).

Thus, castration results in the reduced expression of Ar in WAT
on both mRNA and protein levels. Ar mRNA and protein is not
detectable in WAT from animals fed HFD.
4. Discussion

Our data demonstrate that surgical castration has profound ef-
fects on WAT. The WAT wet weight and the WAT wet weight/body
weight ratio were lower in the castration + TP group and reached
statistical significance in the regular-diet group. These results sug-
gest that testosterone does not fully abrogate effects of castration
in the regular-diet group. Morphologic changes after castration
were associated with adipocyte size reduction, an increase in a
stromal compartment, and macrophage infiltration.

Our data further indicate that lipolytic enzymes can be acti-
vated in a sustained fashion in response to castration, as observed
in the HFD group. We also detected increased Atgl protein levels in
the HFD group after castration. Our data further indicate that ani-
mals in the HFD group respond differently to the castration stimu-
lus than animals in the regular-diet group, potentially as a
consequence of a more robust and/or sustained lipolytic program.



Fig. 4 (continued)

Fig. 5. Immunohistochemical staining for androgen receptor (Ar) of paraffin-embedded WAT from mice fed a regular diet. Antibodies against Ar were used as described in
Section 2. Images were depicted at 20� magnification. Sh, sham-operated; Cx, castration; Cx + TP, castration + testosterone pellet.
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In our view, these data further suggest that the lipolytic process
does not continue indefinitely and may subside at a certain set-
point. It may take longer for the HFD group to reach such set-point
as lipolysis is still ongoing 14 days after castration. Future studies
that analyze pHslSer660 and Atgl protein levels at different time
points after castration under various conditions may clarify this
hypothesis.

Serum leptin levels were reduced in both dietary groups after
castration, whereas serum resistin and adiponectin levels were in-
creased in the regular-diet group after castration. Serum resistin
and adiponectin levels were not affected by castration in the HFD
group. Inoue et al. (2010) reported increased plasma adiponectin
levels in castrated C57BL/6 mice independent of diet, and de-
creased plasma leptin levels in castrated mice on high carbohy-
drate diet. Xu et al. (2005) measured increased serum
adiponectin levels in castrated C57BL/6 mice.

Controls in the HFD group had higher body weight, the WAT
wet weight/body weight ratio and BMI than the controls in regu-
lar-diet group at the time of sacrifice (Fig. 2S, Supplementary data).
We also measured serum glucose and triglyceride (TG) levels. Our
data demonstrate that castration has a small but significant effect
in the regular diet group and a profound effect on serum TG levels
in the HFD group. This effect was modified but not offset by testos-
terone replacement. Serum glucose levels were also affected only
in the HFD group by castration and testosterone did not offset
the castration effect. Our results suggest that castration alters the
mechanism(s) regulating serum TG and glucose levels, selectively
in the HFD group. The physiological mechanisms responsible for
these metabolic changes need further investigation.

In addition to leptin, adiponectin, and resistin, adipose tissue
expresses a wide range of factors, including pro-inflammatory
cytokines and chemokines. The expression of IL-8, MCP-1/CCL2,
and macrophage inflammatory protein is increased with adipo-
city in animals and humans (Sengenes et al., 2007). We detected
Cxcl5, Cxcl2, and Il4 in the regular-diet group and Cxcl5, Il1a, and
Mmp2 in the high-fat-diet group among the most induced cyto-
kines after castration. The mRNA levels of Cxcl1, Ccl7, Ccl2, Cxcl2,
Tnf, and Ccl3 were higher in the control WAT from the HFD
group than they were in the control regular-diet group. Chemo-
kines and their corresponding receptors, including CCL2, CCL5,
CXCL5, CXCL13, CXCL16, and CXCR5, have been shown to be in-
volved in prostate cancer progression and organ-specific metas-
tasis (Loberg et al., 2006; Sung et al., 2008; Singh et al., 2009).
Further studies are needed to characterize cytokine-producing
cells types in WAT.

We hypothesized that increased presence of stromal cells may
be a result of the tissue regeneration process induced in WAT by
castration. We detected increased Fasn staining in the stromal
compartment of WAT from castrated mice, suggesting that the
stromal compartment is involved in WAT remodeling after castra-
tion. Fasn is highly expressed in differentiating mouse 3T3-L1 pre-
adipocytes (Paulauskis and Sul, 1988).
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Interestingly, few cells within the stromal compartment in WAT
from the castration + TP regular-diet group stained for Fasn. This
suggests that testosterone may inhibit differentiation of stromal
pre-adipocytes. It was reported that testosterone inhibits adipo-
genic differentiation of mouse 3T3-L1 pre-adipocytes (Singh
et al., 2006).

It has been suggested that macrophages present in non in-
flamed tissue (i.e., resident macrophages) help maintain homeosta-
sis and participate in tissue remodeling. In mice, these cells
originate from circulating CCR2�CX3CR1hi monocytes. In contrast,
CCR2+CX3CR1low monocytes migrate into inflamed tissue and dif-
ferentiate into macrophages, which coordinate inflammatory re-
sponses by producing chemokines and clearing debris by
phagocytosis (Lumeng et al., 2007). Future studies may explain
the origin and provide an expression profile of macrophages that
are found in WAT after castration.

Dieudonne et al. (1998) documented that human and rat pre-
adipocytes and adipocytes express androgen receptor and sug-
gested that androgens may contribute, through regulation of
their own receptors, to the control of adipose tissue development.
Yu et al. (2008) generated adipose-specific Ar knockout mice by a
conditional genetic knockout approach. Dhindsa et al. (2010) re-
ported that obesity is probably the condition most frequently asso-
ciated with subnormal free testosterone concentrations in males.
Our analysis confirmed the expression of Ar in epididymal WAT
from mice fed regular diet and that the consumption of high-fat
diet may result in the reduction of the Ar expression and reduced
serum testosterone levels. Kyprianou and Isaacs, (1988) demon-
strated that castration induced a series of temporally discrete
biochemical events, including rapid loss of nuclear Ar and pro-
grammed cell death, within the rat ventral prostate. We detected
the loss of nuclear Ar in WAT after castration but no apparent
apoptosis (data not shown). Thus, mechanisms leading to reduced
Ar levels at the time points analyzed in WAT after castration ought
to be further studied.

Complex short-term effects of castration in rodents have not
been studied in great detail. Published studies focus on long-term
effects of castration (Koncarevic et al., 2010; Axell et al., 2006;
Hastings and Hill, 1997; Vanderschueren et al., 2004) which are
relevant to men undergoing androgen deprivation therapy. We
hypothesize that we fortuitously selected a time point at which
biochemical events which contribute to the effects of long-term
androgen deprivation therapy in WAT are initiated.

In conclusion, our study demonstrated that castration has pro-
found effects on mouse epididymal WAT. Future studies involving
human WAT are needed to understand underlying biologic mech-
anisms during castration and to test the clinical relevance of these
findings to the management of obesity, metabolic syndrome, and
prostate cancer in humans.
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